Abstract-The world-wide procurement of Nb 3 Sn and NbTi for the ITER superconducting magnet systems will involve eight to ten strand suppliers from six Domestic Agencies (DAs) on three continents. To ensure accurate and consistent measurement of the physical and superconducting properties of the composite strand, a strand test facility benchmarking effort was initiated in August 2008. The objectives of this effort are to assess and improve the superconducting strand test and sample preparation technologies at each DA and supplier, in preparation for the more than ten thousand samples that will be tested during ITER procurement.
T. [3] ) will require a significant increase in the world-wide production capacity. Partially as a result of this fact, six of the seven ITER Domestic Agencies, or DAs (China, European Union, Japan, South Korea, Russia, and the United States), will participate in supplying -based conductor to the ITER project. The TF magnet system is comprised of 18 individual magnets, each of which is in turn fabricated from seven unit lengths (ULs) of conductor, electrically connected in series. Two magnets are then fed in series from a single power supply, putting, in the end, 14 conductor unit lengths in series. The CS magnet system is comprised of six annular modules, each of which is comprised of six hexa-pancake unit lengths and one quad-pancake unit length, putting seven ULs in series.
Considering the distributed supply network and the requirement for many conductor unit lengths to operate in series, an obvious focus of the procurement effort is to ensure uniform production quality at all the suppliers and DAs. This takes many practical forms, one of which is to qualify the acceptance test facilities at each strand manufacturer and DA. Under the Procurement Arrangements (PAs) that govern conductor production, the strand supplier is required to carry out acceptance testing at the agreed sampling rates, and the DA is required to establish one or more reference laboratories, which will verify the acceptance tests by independent measurements. In the initial process qualification stage of production, the DA reference labs will verify 100% of the suppliers' acceptance tests, with the percentage decreasing through production until it reaches, for example, 25% at the end of TF production. In this paper, we will present the results of a benchmarking effort at the DA reference laboratories (or potential reference laboratories) and suppliers. By agreement with the DAs, the results from the suppliers have been anonymized.
II. TEST PARTICIPANTS AND SAMPLE PREPARATION

A. Test Participants
Thirteen participants are DA reference laboratories, potential DA reference labs, or academic labs interested in participating in the benchmarking. The labs are shown in Table I .
Additionally, six strand suppliers have participated in this benchmarking exercise, for a total of 19 participants.
B. Sample Selection and Preparation
The strand chosen to act as the reference strand is a bronze strand (Ta barrier) manufactured by European Advanced Superconductors (EAS), billet NSTT8305-HK003-A2. This strand was chosen for its known production homogeneity and stable superconducting properties. A micrograph of the transverse cross-section of this strand is shown in Fig. 1 . 9000 m of this strand was donated by F4E and sent to CERN, who acted as both a participant and an organizer for this activity. Samples sent to the various DAs were cut from this length at 1000 m intervals, in order to verify the production homogeneity in a manner described below.
Two sets of samples were benchmarked. In the first set, the ITER Organization (IO) designated a central reference laboratory, CERN, to prepare and test a set of three critical current samples for each DA. These samples, known as IO-prepared samples, then circulated through the laboratories in each DA in a round-robin fashion. This set of samples is intended to test both the lab-to-lab measurement variation for a constant sample set, and also the sample-to-sample homogeneity of the selected strand, since one lab (CERN) measures the critical current on all samples.
In the second sample set, referred to as self-prepared samples, a complete length of strand was cut and shipped, unreacted, to each DA for subsequent distribution to the participating labs. The participants then prepared the samples (including heat treatment) and performed the required tests. Here, the total lab-to-lab variability (preparation + test) can be assessed, and by comparison to the IO-prepared samples, an approximate assignment of variability to preparation or measurement can be assigned. The self-prepared sample set also includes a benchmarking of other strand acceptance criteria, including residual resistance ratio , hysteretic losses , Cu:non-Cu ratio, strand diameter, Cr plating thickness, and twist pitch.
All measurements were performed on strand heat treated using the ITER cycle B schedule, which is , with all up-going ramp rates at 5 . The critical current samples are measured on a Ti-6Al-4 V barrel defined by ITER, in a magnetic field of 12 T (no selffield correction) and with an electric field criterion of 10 . The n-value is determined from a power law fit in the range of 10 to 100 . The measurement is performed in liquid helium and the temperature is corrected to 4.22 K using the following equation: (1) where is the critical current at 4.22 K, and is the measured critical current at measurement temperature , where [4] . This equation is valid only at 12 T. The measurement of is accomplished by direct comparison of electrical resistance at 273 K and 20 K, or by adhering to the IEC61788-11 standard.
is measured by a 3 T magnetization loop at 4.22 K, and is normalized to the entire strand volume. 
III. TEST RESULTS
A. IO-Prepared Samples
18 samples in six groups of three were sectioned from the original 9000 m length, prepared, heat treated (at the University of Geneva), and measured by CERN. Each group of three samples was then sent to a DA for round-robin testing at all participating laboratories. This scheme allows the effects of sample inhomogeneity and lab-to-lab variation to be evaluated independently. First, the 18 measurements by CERN represent an estimate of the sample inhomogeneity (convoluted, of course, by whatever is the intrinsic measurement uncertainty at CERN), since each sample was prepared and tested under nominally identical circumstances. Amongst this sample set, CERN measured an average of 188.7 A, with a standard deviation of 1.8 A, or 1.0% of the mean. By contrast, the set of 32 non-CERN measurements on the IO-prepared samples averaged 189.1 A, with a standard deviation of 2.1 A. This small bias (0.4 A) between CERN and non-CERN measurements provides statistical confidence for the lab-to-lab comparisons made below. The average n-value measured by CERN was 41.4 with a standard deviation of 1.4, and among the non-CERN measurements the average was 43.5, with a standard deviation of 3.5. The total range of all sample values is 5.3 A. Second, each of the 18 samples sent for round-robin testing within a DA was followed as it progressed from institution to institution, providing the most direct evaluation of the measurement variation from lab to lab. Including the CERN measurement, each sample (with the exception of two samples which were damaged during transport) was measured in two to five laboratories, and a summary of the average and standard deviation of each sample is shown in Fig. 2 . Although the range in average values is nearly 5 A, the standard deviation from lab-to-lab for a given sample is, on average, only 1.3 A, smaller than that for the set of 18 measurements at CERN. The clear implication is that sample inhomogeneity, even for this stable bronze strand, plays an approximately equal role in measurement variation as 
B. Self-Prepared Samples
Under the self-preparation scheme, each DA distributes a length of unreacted strand to each participant, and the participant is responsible for the preparation, heat treatment, and testing of the sample. For the measurements, some labs wound the strand onto custom barrels that differed slightly from the standard ITER test barrel. Additionally, three labs (NHMFL, NIST, and one strand supplier) used a common set of samples heat treated by NHMFL for this round of measurements.
The results of the self-prepared tests are shown in Table II . As shown, the average measured under self-preparation is within 1 A of that measured by the IO-prepared samples, providing evidence that the preparation technique (method of barrel winding, heat treatment, etc.) used at the IO reference lab is well-matched to that used in the DAs, and there is no statistically significant bias of the group to the reference lab. The variation in the measurements, as measured by standard deviation, is approximately twice that found from the IO-measured samples. Considering the variety of preparation techniques (and even sample barrels) used in this round of benchmarking, this result is quite acceptable.
C. Self-Prepared RRR and Samples
Interestingly, amongst the low-temperature measurements, the greatest variability is seen in the RRR measurement, which has a standard deviation equal to 15.9% of the mean value. This was found to be due primarily to two reasons: (1) poor temperature/heat removal control at 20 K, and (2) significant local variation from very short samples. By contrast, the measurement, which traditionally has shown more scatter in benchmarking efforts [5] , is well-controlled here, despite the variety of techniques (SQUID, VSM, pick-up coil) employed.
D. Self-Prepared Volumetric/Geometric Measurements
As shown in Fig. 2 , the Cu:non-Cu ratio, strand diameter, and twist pitch measurements are all well-controlled. The Cu:non-Cu result is particularly assuring, as this result was obtained by both metallographic and etching techniques, according to the individual preferences of the participants. The very stable Cu:non-Cu value (sampled along the length of the original spool in 1000 m increments) also allows us to directly compare values between participants, rather than needing to compute a local critical current density . The only parameter showing significant lab-to-lab variability is the Cr plating thickness, with a standard deviation of 18.5% of the mean. This is likely due to the highly localized nature of the measurement, as any roughness variation on the coating can influence the value reported. However, as this is considered a minor acceptance criterion by ITER, and as the calibration of the tools is not in question (the diameter was measured without error, for example) the result is acceptable for the purposes of strand acceptance.
IV. DISCUSSION AND FUTURE WORK
The results presented here constitute what is likely the most ambitious (in terms of scope and number of participants) strand benchmarking effort ever undertaken, and gives a clear picture of the current technical landscape with respect to the techniques used to obtain these strand performance values. This understanding is further enhanced by comparing the present work with previous ITER benchmarking efforts. Significant progress is demonstrated relative to the first ITER benchmarking effort (1994) (1995) [5] , which, thanks to non-standard geometries and sample holders, showed average variations around 30%, and hysteresis loss variation over 50%. It was largely the standardization actions implemented after this first round that have resulted in the good agreement we now see. Among the set of low temperature measurements ( , n-value, , and ), then, only shows significant lab-to-lab variation. ITER and the responsible Domestic Agencies are working to reduce this variation with individual labs on an as-needed basis, and this parameter will be monitored closely during the annual cross-check of the benchmarking activity.
As part of the ITER conductor procurement, these benchmarking results will be checked once per year at the DA verification labs and the participating suppliers' laboratories. In addition, two expansions of the benchmarking effort are foreseen. The first will involve a limited benchmarking ( , n-value, RRR, and ) on an internal tin strand. This will be done primarily to evaluate the test facilities' preparation technique for internal tin (prevention of Sn leakage), and will also test in a range more realistic for internal tin. The second effort will involve NbTi strand, which is used in the ITER Poloidal Field (PF) conductor [6] . This benchmarking is anticipated to cover the same scope as the current effort, although as there is no reaction heat treatment needed for NbTi, an "IO-prepared" round of testing is not envisioned. As defined by the PF conductor Procurement Arrangement, each supplier and DA can define their own sample barrel geometry, which therefore requires a self-field correction to be applied to the data. The NbTi benchmarking will evaluate the suitability of these various barrel geometries for the procurement effort, and will be compared to existing NbTi benchmarking results [7] .
V. CONCLUSIONS
Nineteen institutions, representing the ITER IO reference lab (CERN), the DA reference labs, and the strand suppliers, have participated in an extensive benchmarking effort of the strand acceptance test facilities. This two-part exercise, involving both IO-prepared and self-prepared samples, believed to be the largest of its kind, has allowed us to quantify the measurement variation associated with both the measurement facilities and the sample preparation. samples prepared and measured by a common lab (CERN) were found to have a standard deviation of 1.8 A (1.0%), while those same set of samples measured by all the participating labs in round-robin fashion were found to have a standard deviation of 2.1 A. Including self-preparation further increases the standard deviation of the measurements to 3.5 A.
, strand diameter, Cu:non-Cu ratio, and twist pitch were all shown to be well-controlled in this benchmarking, while and Cr plating thickness had large standard deviations (15.9% and 18.5% of their means, respectively). The variation is being investigated by ITER and the DAs on a case-bycase basis. Future benchmarking efforts are envisioned for internal tin (to test Sn encapsulation techniques and for higher losses) and NbTi strand.
